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SUMMARY

The uncertainty that may affect seismic strain estimates in the Mediterranean is investi-
gated using a distribution-free numerical approach based on the bootstrap resampling
technique, applied to more than 2000 seismic source mechanisms of shallow earthquakes
that occurred from the Azores to Iran in the period 1905–1999. This analysis shows that
the short time interval covered by the available data set may be the main source of
uncertainty on long-term strain estimates, since it could imply a biased representation
of contributions from large earthquakes. Our results also indicate that, as a possible
consequence of this bias, the condition of strain field uniformity is poorly verified in
most of the zones considered. The confidence limits obtained for scalar strains and
directions of principal strain axes indicate that both the amount and the style of seismic
deformation are poorly defined for roughly half of the zones considered, mostly located
in the western and central Mediterranean area. These results suggest that one should
be cautious in using seismic strain estimates when not accompanied by satisfactorily
uncertainty evaluation.

Key words: crustal deformation, fault plane solutions, Mediterranean region,
regionalization, seismotectonics.

I N T R O D U C T I O N

The Mediterranean area is widely recognized as the collision

zone between the African, Arabian and Eurasian plates. The

deformation pattern caused by the convergence of these plates

is characterized by a complex space–time distribution of com-

pressional and tensional events, with the opening of relatively

large basins such as the Balearic, Tyrrhenian, Pannonian and

Aegean (Fig. 1), and the strong distortion, with lateral migrations

of several hundred kilometres, of Palaeogene–Neogene orogenic

belts (e.g. Dercourt et al. 1986). As a final result of this complex

evolution, the Mediterranean region at present is comprised of

a number of crustal wedges derived from the fragmentation

of continental domains and the dissection of orogenic belts

(Mantovani et al. 1997, 2000a).

The reconstruction of the present kinematic pattern of such a

plate/microplate mosaic may be carried out by space geodesy

techniques (GPS, VLBI, SLR) or by the analysis of geological

and seismological strain indicators. The increasing number of

permanent GPS stations all over the Mediterranean area suggests

that the contribution of this kind of technique to plate motion

analysis will become increasingly important (Reilinger et al. 1997;

Kahle et al. 1998, 1999, 2000; McClusky et al. 2000). However, a

high number of permanent stations would be necessary to resolve

the strong lateral variations of deformation style occurring

in the entire Mediterranean region. Owing to this problem,

geodetic measurements can be taken as reliable constraints

on plate kinematics in only a few zones where dense station

networks are available. Moreover, in a region of relatively low

motion rates, as is the case for most of the area considered here,

geodetic surveys should cover an adequately long time interval

(some tens of years at least) to provide significant results.

Information about the recent/present kinematic field can also

be inferred from neotectonic and seismic data. In particular,

an estimate of average seismic strain occurring in active zones

can be obtained by summing earthquake moment tensors

(Kostrov 1974). This method has been extensively used in the

Mediterranean region (Ekström & England 1989; Jackson

& McKenzie 1988; Jackson et al. 1992; Kiratzi 1991, 1993;

Papazachos & Kiratzi 1996; Papazachos et al. 1992, 1998;

Pondrelli 1999; Pondrelli et al. 1995). Since this kind of estimate

may provide important constraints for geodynamic modelling

(e.g. Sobouti & Arkani-Hamed 1996; Lundgren et al. 1998;

Mantovani et al. 2000b, 2001) and seismic hazard assessment

(e.g. Ward 1998), a rigorous evaluation of the uncertainties

involved is required.

Estimating long-term seismic strain rates from limited

catalogues may involve four major sources of uncertainty. The

first derives from the randomness of earthquake occurrence

in time and space. A first-order estimate of such uncertainty,
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under the restrictive condition that earthquake occurrence can

be considered as a Poisson random process, has been performed

by Shen-Tu et al. (1998).

A second source of uncertainty derives from experimental

errors on seismic moment tensors. Some authors have pro-

posed evaluating the effect of such an uncertainty by linear

propagation of errors affecting fault plane solutions and seismic

moments (e.g. Wyss et al. 1992; Papazachos & Kiratzi 1992;

Shen-Tu et al. 1995). However, this approach is relatively rough

since it does not take into account the mutual correlation among

errors on source parameters and the strong non-linearity of error

propagation. In any case, some indirect estimates (Shen-Tu

et al. 1998) suggest that the contribution of experimental errors

may be completely overshadowed by the effect of randomness

in the occurrence of earthquakes.

The third source of uncertainty is catalogue incompleteness,

which derives from the lack of events that actually occurred

during the time span covered by the available catalogue.

Obviously, this last problem mainly concerns minor events, a

number of which fall below the detectability threshold. In any

case, one must be aware that fault plane solutions are available

for only a subset of the earthquakes actually recorded in the

period considered.

A fourth source of uncertainty is related to the catalogue

shortness, which could imply a biased sampling of major events

whose return periods exceed the time interval covered by the

available data set.

The last two sources do not affect long-term strain estimates

deduced from seismic data in the same way since minor earth-

quakes and larger events contribute in a different way to

the overall uncertainty. Some studies (Marrett & Allmendinger

1992; Polimenos 2000) point out the fundamental self-similarity

of the fracture process. This phenomenon implies that small

earthquakes can contribute significantly to the total amount of

strain released. However, the shape of the average strain tensor

obtained from small events and that obtained by considering

major earthquakes do not show significant differences (Amelung

& King 1997). This implies that the lack of information on

minor earthquakes may significantly affect the estimate of strain

magnitude, but it could not influence the deformation style

deduced from major earthquakes only. On the other hand, the

same study indicates that an incomplete sampling of the largest

events, that is, those characterized by relatively long return

periods, can introduce a significant bias in the strain estimate.

Indeed, major earthquakes accommodate most of the seismic

strain, so that a lack of a major earthquake, due to the small

time window considered, could strongly affect the strain

estimate. This last source of uncertainty, previously defined as

catalogue shortness, cannot easily be evaluated by classical

direct approaches. A first-order evaluation of this contribution

can be obtained by following an empirical procedure based

on distribution-free numerical resampling, i.e. the ‘bootstrap’

method (e.g. Hall 1992), already applied to seismotectonic

studies (e.g. Michael 1987; Shen-Tu et al. 1995, 1998; Albarello,

2000). This procedure aims at investigating the population of

strain estimates derived from the analysis of a number of new

data sets, generated by slightly modifying (randomly) the initial

data set. Thus, the effect of the random occurrence (or lack) in

Figure 1. Main morphological and tectonic features of the Mediterranean area. (1) African/Adriatic domain with continental (a) and

thinned (b) crust; (2) Eurasian domain; (3) deformation belts; (4) internal massifs of the Tethyan belts; (5) accretionary zone of the Hellenic Arc

(Mediterranean ridge); (6) zones affected by moderate (a) or intense (b) crustal thinning since the Oligocene; (7,8) main transforms and compressional

features. Details and references on recent/present Mediterranean tectonics and evolutionary history are given by Mantovani et al. (1997, 2000a).
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the real data set of low-probability events (i.e. the major ones),

which could strongly affect the final estimate, can be tentatively

simulated.

This kind of approach could also help to overcome a signi-

ficant drawback of standard approaches. These presume that

the parent population of empirical estimates relative to average

strain is essentially unimodal. In this assumption, the sample

average and variance derived from available data are taken

as sufficient to obtain confidence limits for empirical strain

estimates. However, this assumption is realistic only in the

case where the strain field in the zone considered is uniform.

When complex tectonic zones, such as the Mediterranean one,

are under study, this condition and thus the significance of

any tectonic interpretation of strain estimates cannot be safely

assumed without any preliminary attempt at empirical validation.

Bootstrap procedures are essentially distribution-free and thus

they do not consider the condition of unimodality. Therefore,

these methods may allow one to validate the hypothesis

of strain uniformity (associated with the unimodality of the

parent population) and to provide a more realistic estimate of

uncertainty relative to average strain.

In the present work, the bootstrap procedure has been used

to evaluate the reliability of Kostrov’s strain estimates in a

number of seismic zones of the Mediterranean area.

D A T A S E T

A catalogue of 2029 focal mechanisms of shallow earthquakes

(h<50 km) that occurred from September 1905 to March 1999

in the region between 24uN and 53uN and 30uW and 60uE
(Fig. 2) has been compiled from the relevant literature (see

Appendix A).

Since in most cases the original papers do not report any

information about the quality of source mechanisms, a suit-

able ranking of the level of uncertainty affecting data cannot

be performed. Owing to the lack of more justified criteria, the

most recent solution has been considered for each earthquake.

The major statistical features of the data set are reported

in Fig. 3. The time distribution of earthquakes (Fig. 3a) shows

a large data increase after 1980. The distribution of data versus

magnitude (Fig. 3b) suggests that the catalogue is largely

incomplete only for magnitudes lower than 6. Since most of the

earthquakes (84 per cent) are characterized by hypocentral

depths of less than 20 km (Fig. 3c), an average thickness of

20 km has been assumed for the seismogenic layer in the whole

region considered.

The majority of data (66 per cent) are first-motion source

mechanisms. Focal mechanisms obtained by the CMT approach

and body waveform inversion represent 23 and 11 per cent,

respectively, of the available solutions and are mostly available

for the largest earthquakes.

When a CMT solution was not available, moment tensor

components were obtained from the fault plane solution

and the seismic moment M0 (Jost & Herrmann 1989). When

not reported, the seismic moment was computed using the

empirical relationship proposed by Dziewonski & Woodhouse

(1983),

MS ¼ 0:668 log10 M0 ÿ 6:184 , (1)

where MS is the surface wave magnitude and M0 is given

in N m. Since the relationship between body wave magnitude

and seismic moment is characterized by remarkable scatter

(Dziewonski & Woodhouse 1983, Fig. 14a), we prefer to convert

mb to MS using the formula proposed by Kasahara (1981),

mb ¼ 0:63MS þ 2:5 , (2)

and to use eq.(1) in order to provide an indirect estimate of M0.

This was done only in a few cases where mb magnitude was the

only available measure of earthquake size.

A S S E S S M E N T A N D R E P R E S E N T A T I O N
O F S T R A I N U N C E R T A I N T I E S

Kostrov’s (1974) theorem states that the component eij of the

average non-rotational strain tensor, related to N earthquakes

occurred in a crustal volume V, is given by

eij ¼

XN

n¼1

M
ðnÞ
ij

2kV
, (3)

where Mij
(n) is the seismic moment tensor component of the nth

earthquake that occurred in the crustal volume, whose average

elastic shear modulus is m. Eq. (3) provides an incremental

strain tensor that is representative of the rate at which the

seismic deformation occurs in the crustal volume considered

(Twiss & Unruh 1998). The principal values of the strain tensor

(eq. 3) are indicated by e1, e2 and e3, respectively, with positive

values representing lengthening and e1>e2>e3. The Euclidean

norm, e0,

e ¼ ðje1j2 þ je2j2 þ je3j2Þ1=2 , (4)

can be used to represent, in the form of a scalar parameter,

the amount of average seismic strain accommodated within

the crustal volume considered. The principal directions of the

average strain tensor (eq. 3) can be used to constrain the shape

of the strain ellipsoid and thus the deformation pattern in the

zones considered. We tentatively adopt a classification of strain

regimes analogous to that used for stress regimes in the analysis

of tectonic faulting (Simpson 1997). Since the sum of strain

eigenvalues must be zero for a double-couple source (Jost &

Herrmann 1989), the vertical eigenvector effectively constrains

the strain regime. Thus, we define three canonical strain styles,

i.e. ‘shortening’, ‘transform’ and ‘lengthening’, which occur when

one of the principal axes is vertical and the related principal

value is the maximum (e1), intermediate (e2) or minimum (e3)

lengthening, respectively. Crustal thickening, related to the

‘shortening’ style, is accommodated in the horizontal plane by

dominant shortening along one or both principal strain axes.

Conversely, crustal thinning, associated with the ‘lengthening’

style, is accommodated by dominant lengthening along one

or both horizontal principal directions. The ‘transform’ style

is related to horizontal shortening and lengthening while the

corresponding vertical strain depends on the sign of e2.

In order to estimate the uncertainty affecting the strain esti-

mates obtained from eq. (3), a numerical resampling procedure

has been adopted. The basic premise of the bootstrap approach

(Efron & Tbishirani 1986; Hall 1992) is that the empirical fre-

quency distribution of data provides the maximum likelihood

estimate of the probability distribution that characterizes the

unknown parent population. This hypothesis implies that new
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(a)

(b)

Figure 2. Data distribution and subdivision of the study area into seismic deformation zones. Circles indicate the epicentres of the 2029

earthquakes considered in this study (1905–1999). Circle size is proportional to earthquake magnitude. Geographical name and number of fault

plane solutions available for each zone are reported in Table 1. (a) Western Mediterranean, (b) Central Mediterranean, (c) Aegean and (d) Middle

East region.
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(c)

(d)

Figure 2. (Continued.)
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data sets (usually called bootstrap samples or paradata sets),

obtained by randomly resampling (with replacements) the

original data set, preserve the statistical features of the parent

population. Paradata sets can then be used to evaluate (via a

distribution-free approach) the statistical properties of a given

population parameter by computing the value of that parameter

for each paradata set and by analysing the frequency distribution

of the values obtained.

Figure 3. Statistical features of the database. (a) Number of fault plane solutions (N) in 5 yr intervals. The interval 1995–2000 is incomplete, since

data stop in March 1999. (b) Cumulative number of fault plane solutions versus surface wave magnitude. N indicates (on a logarithmic scale) the

number of events whose magnitude exceeds the value given on the abscissa. The graph may be fitted by a straight line, that is, the data have a

distribution compatible with the Gutenberg–Richter relationship, for MS>6.5 only. This seems to imply incompleteness of the data set for magnitudes

lower than the above MS value (Båth 1983). (c) Number of events versus hypocentral depth.
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In order to apply bootstrap analysis in assessing the uncertainty

that affects Kostrov’s strain estimates, the N moment tensors

available for a given crustal volume are arranged in an array,

and N random numbers from 1 to N are generated by a pseudo-

random number generator (e.g. Press et al. 1986). These numbers

are then used to select the corresponding elements of the data

array to generate a bootstrap sample. Finally, eq. (3) is applied

to this paradata set to compute the strain tensor, along with its

principal values and directions. The above procedure is repeated

M times. The number M is chosen to provide a reasonable

compromise between a satisfactory stability of results and com-

putational effort. As a rough indication, Efron & Tbishirani

(1986) suggested a value of M>1000.

The dispersion of the bootstrap values thus obtained may

give information on the effect of incomplete sampling of source

mechanisms due to the catalogue shortness. This effect can be

represented as a confidence limit around relevant parameters

(scalar strain e0 and directions of the principal axes of strain),

taking into account the uppermost and lowermost percentiles

(5 and 95 per cent respectively) of the bootstrap sample. These

values may be considered as an approximate estimate of the

true 95 per cent confidence region.

In order to compute the 95 per cent confidence interval

of e0 (eq. 4), the values obtained by the bootstrap replications

are sorted in increasing order: the 50th and 1950th values are

considered representative of the 95 per cent confidence interval.

The standard deviation relative to the probability distribution

associated with e0 can also be obtained from the set of bootstrap

replications.

The strain regimes thus obtained in each zone may be

illustrated using a representation proposed by Frohlich &

Apperson (1992). The orthogonality of the three principal axes

of the strain tensor implies that

sin2 ðd1Þ þ sin2 ðd2Þ þ sin2 ðd3Þ ¼ 1 , (5)

where d1, d2 and d3 are the plunges of the maximum, inter-

mediate and minimum lengthening, respectively. Thus, the three

principal strains can be represented as a point on a triangle

diagram; the distances of each point from the vertices of

the triangle indicate the deviation of the corresponding strain

pattern from the canonical styles defined above. To evaluate

the density of bootstrap solutions within a triangle, the surface

of the diagram is divided into 900 equal-area cells, which

are ordered on the basis of the number of points belonging

to each cell. The lowest tail of this distribution, that is, the

cells that cumulatively contain less than the 5 per cent of

the bootstrap replications performed, is not represented in the

final triangular diagram. The remaining cells, including 95 per

cent of the bootstrap population, form the relevant confidence

region.

The dispersion on the focal sphere of the principal strain

directions obtained by the bootstrap procedure is evaluated

by computing the mean resultant length, R (Davis 1986). This

parameter is the modulus of the sum of the unit eigenvectors

divided by the number of bootstrap replications. Thus R ranges

from 0 (unit eigenvectors annihilate one another) to 1 (unit

eigenvectors are all parallel).

Stereonets (based on the equal-area zenithal projection)

are used to represent the 95 per cent confidence regions for

the directions of maximum and minimum lengthening. These

diagrams represent the clustering of principal strain directions

on the focal sphere. A disconnected confidence region implies

that the direction distribution of a given axis is multimodal,

that is, more than one family of principal directions is com-

patible with the available data. Disconnected confidence regions

of principal axes could reveal a heterogeneous strain field in the

zone involved (Marrett & Allmendinger 1990). As an extreme

case, when confidence regions overlap, one could assume that

incompatible strain regimes affect that zone. Recognition of

more homogeneous subzones might be attempted only if the

data set considered is sufficiently large.

D A T A A N A L Y S I S

The first step of the analysis is the identification of crustal

volumes to be considered for seismic strain estimates. In order

to meet the implicit assumptions underlying Kostrov’s approach

(eq. 3), the sizes of such volumes should exceed the largest

seismic faults they contain. On the other hand, the sizes of these

volumes should be sufficiently small to sample nearly homo-

geneous strain domains in order to allow an univocal tectonic

interpretation of strain estimates. By taking these bounds into

account, the Mediterranean area has been subdivided into

a number of zones, trying to identify as many homogeneous

sets of source mechanisms as possible. The choice of the initial

geometry of zones has also been based on the analysis of other

strain indicators such as morphological and neotectonic infor-

mation. A lower bound for the size of each crustal domain has

been deduced by considering the largest seismic source tentatively

estimated from the seismic moment of relevant earthquakes

(Wang & Ou 1998). We have then modified, by a trial-and-error

procedure, the boundaries of a number of zones, with the final

purpose of minimizing the uncertainty that affects the strain

style obtained by Kostrov’s approach. In particular, we have

reconsidered the shapes of the zones when the results obtained

suggested an inhomogeneous data set. The level of detail

obtainable by progressively reducing the sizes of the zones has

been conditioned, in some cases, by the need to have sufficiently

large data sets in each crustal volume.

The configuration of zones that we finally adopted is reported

in Fig. 2 along with data epicentres. Roughly 30 per cent of

zones include less than 15 focal mechanisms, whereas the most

populated zones include more than 100 events (Table 1).

For each zone, the permanent strain accommodated by

seismic slip in the period 1905–1999 has been computed using

eq. (3) by assuming constant values for both thickness (20 km)

and average rigidity of the crust (m=3r1010 Pa). Different

values of the above parameters would merely imply a rescaling

of the strain tensor components. The values of e0 (eq. 4) in

the various zones range from 10x11 to 10x5 (Table 1). As

expected, the lowest values (<10x8) are associated with stable

continental domains such as Western Europe and the Adriatic

platform (zones 6, 7 and 17 in Figs 2a and b). Small values

also characterize the Alboran Sea (3) and some orogenic belts

such as the Pyrenees (5), the northeastern Apennines (13) and

the western Alps (15). The highest values (>10x6) have been

obtained for the central Atlantic (1), the Ionian Islands (24),

the Straits of Cythera (28), the Central Aegean Sea (29) and the

Northeast Anatolian Fault (40).

In order to determine confidence limits of the results reported

in Table 1, bootstrap analysis has been applied to the 47 zones

shown in Fig. 2. The number of bootstrap iterations (M) has

been fixed at 2000 for each zone, irrespective of the number of

available data. The choice of this value is justified by the fact
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that tests carried out in selected zones indicate that the com-

puted confidence limits do not show significant changes as M

varies within the range 1000–10 000.

The 95 per cent confidence intervals obtained for e0 are

shown in Fig. 4. These intervals should be interpreted as an

assessment of the long-term variability of the incremental

strain in the various zones induced by catalogue shortness. The

degree of clustering of the bootstrap principal axes is shown

in Fig. 5 in terms of the parameter R. Figs 6, 7, 8 and 9 show

the 95 per cent confidence regions for the strain regimes of the

zones considered in the form of both triangular diagrams and

stereonets.

M A I N R E S U L T S

The results shown in Figs 4–9 have been tentatively divided

into four classes (A, B, C and D) to organize their description

better. The quality of the results, that is, the level at which

Table 1. List of the zones considered and average strain tensors obtained by Kostrov’s approach applied to the available data. Geographical location

of zones is shown in Fig. 2. Numbers in brackets indicate the number of focal mechanisms available in each zone. e1, w1 and d1 indicate the eigenvalue

(scale factor 10x11), trend (in degrees, positive clockwise from north) and plunge (in degrees, positive towards vertical downwards direction),

respectively, of the maximum lengthening axis. e2, w2, d2 and e3, w3, d3 indicate the eigenvalue, trend and plunge, respectively, of the intermediate

lengthening and maximum shortening axes. The last column (Q) shows the uncertainty class assigned to each zone from the bootstrap analysis.

Uncertainty level increases from A to D (see text for details).

Zone e1 w1 d1 e2 w2 d2 e3 w3 d3 Q

(1) Central Atlantic (18) 799744 42 4 x1003 292 78 x798741 133 11 B

(2) Gibraltar (11) 124104 58 75 2274 235 15 x126378 325 1 C

(3) Alboran Sea (12) 549 72 23 x13 185 43 x536 322 38 D

(4) Algeria (91) 38666 304 75 x296 57 6 x38370 149 14 A

(5) Pyrenees (32) 568 43 25 x63 175 55 x505 302 23 D

(6) Brittany (22) 63 71 1 x3 339 62 x60 161 28 A

(7) Rhine Valley (65) 1397 276 37 120 19 17 x1517 130 48 C

(8) Sicily (13) 45957 103 88 1839 271 2 x47796 1 0 C

(9) Calabria (10) 222572 92 2 x58957 359 55 x163615 183 34 C

(10) Southern Italy (171) 151171 45 14 1517 136 3 x152688 238 75 C

(11) Central Italy (27) 99016 22 2 x523 291 35 x98493 114 55 B

(12) Tuscany–Umbria (63) 16585 51 2 x32 321 1 x16553 208 87 A

(13) Northeastern Apennines (70) 3368 151 5 x618 354 85 x2750 241 2 D

(14) North Apennines (41) 1763 203 59 930 73 21 x2693 334 22 C

(15) Western Alps (59) 306 305 3 136 210 57 x442 36 33 D

(16) Friuli (52) 41407 307 58 4377 65 16 x45784 163 26 A

(17) Central Adriatic (8) 760 261 60 x139 76 30 x621 167 2 D

(18) Dalmatia–Montenegro (78) 43583 25 60 643 131 9 x44226 225 28 A

(19) Coastal Albania (38) 24967 50 57 x6979 316 3 x17988 224 33 D

(20) Internal Albania (41) 83397 289 13 x539 21 8 x82858 141 75 D

(21) Macedonia (12) 136942 11 0 7786 101 1 x144728 276 89 A

(22) Thessaly (45) 152991 26 5 27872 296 5 x180863 164 83 A

(23) Epirus (30) 10129 306 81 151 139 9 x10280 48 2 C

(24) Ionian Islands (49) 619541 14 79 x12558 150 8 x606983 241 8 A

(25) Gulf of Corinth (197) 94883 185 9 x385 93 12 x94498 310 75 A

(26) Peloponnesus (14) 96305 38 74 4970 130 1 x101275 220 16 C

(27) West Hellenic Trench (12) 22652 51 75 x8937 300 5 x13715 208 14 B

(28) Straits of Cythera (4) 437625 246 0 20123 156 0 x457748 8 90 B

(29) Central Aegean Sea (14) 606794 330 5 5856 60 0 x612650 154 85 C

(30) Crete (43) 65500 30 63 1060 121 0 x66560 211 27 A

(31) Central Hellenic Trench (16) 23826 355 62 x4879 250 8 x18947 156 26 A

(32) East Hellenic Trench (11) 21319 23 73 x1243 114 0 x20076 204 17 C

(33) Rhodes (20) 239046 313 67 206012 104 20 x445058 198 10 C

(34) Burdur (11) 175255 145 4 6531 235 9 x181786 32 81 B

(35) West Turkey (30) 93334 184 1 x23655 274 1 x69679 46 88 A

(36) North Aegean Trough (23) 285070 167 14 x12485 302 70 x272585 73 13 A

(37) Northwest Anatolian Fault (68) 289182 8 0 x54507 99 23 x234675 278 67 C

(38) Bulgaria (5) 254767 200 0 13374 290 0 x268141 81 90 A

(39) Romania (15) 6944 180 0 x391 270 2 x6553 76 88 D

(40) Northeast Anatolian Fault (35) 443863 237 1 5172 6 89 x449035 147 1 A

(41) Southeast Anatolian Fault (19) 10401 92 52 6727 289 37 x17128 193 8 C

(42) Turkey–Iran border region (11) 67515 246 0 x12160 336 60 x55355 156 30 A

(43) Caucasus (19) 19407 290 71 x2349 103 19 x17058 194 2 A

(44) North Caspian Sea (10) 10779 1 62 722 124 16 x11501 221 23 A

(45) Northwest Iran (14) 170597 164 58 9811 320 29 x180408 56 11 B

(46) Zagros Chain (98) 21482 21 87 18266 274 1 x39748 184 3 C

(47) Dead Sea Fault (10) 57979 62 12 x489 314 55 x57490 160 32 D
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Figure 4. Uncertainty in scalar strain. (a) Magnitude range (MS) of the earthquakes considered in each deformation zone. (b) 95 per cent confidence

interval of the scalar strain (e0) defined by eq. (4). Numbers on the horizontal axis correspond to zones shown in Fig. 2. Abbreviations indicate the

regions shown in Figs 2 and 6–9 (WM: western Mediterranean; CM: central Mediterranean; AE: Aegean region; ME: Middle East). The number of

data available in each zone are reported below the interval bar.

Figure 5. Dispersion of the directions of principal axes for the 2000 bootstrap strain tensors computed for each zone. Abbreviations of regions are

the same as in Fig. 4. Dotted and black columns indicate the value of the dispersion index R (see text) for the maximum and minimum lengthening

axes, respectively. The horizontal line corresponding to the value R=1.8 indicates the decision level adopted to assign a given strain estimate to quality

class A (see text).
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strain regimes are constrained, decreases from class A to class D.

The uncertainty on scalar strains (Fig. 4) is discussed separately.

Obviously, we are aware that the proposed classification is not

unique and that it cannot account for the entire information

contained in the results of the bootstrap analysis.

Class A includes the zones for which the confidence region in

the triangle diagram includes one vertex only, implying that

one strain style is associated with these zones and the other two

styles may be ruled out. Furthermore, the sum of the R-values

for the maximum and minimum lengthening axes must be

greater than 1.8 (Fig. 5). This last requisite implies that the

dispersion on the focal sphere of the above principal axes is

low, that is, the directions of principal strains are fairly well

constrained. Class B includes the zones for which a strain style

can be recognized by the triangle diagrams, but the sum of the

R-values for the above principal axes is lower than 1.8 (Fig. 5).

Class C refers to the zones for which the confidence region in

the triangle diagram includes two vertices. In this case, the only

Figure 6. Uncertainty on strain style for the western Mediterranean region. (a) Triangle diagrams for zones 1–7. The vertices of each triangle

correspond to the three canonical strain styles defined in the text (L=lengthening, T=transform, S=shortening). Black points within the diagrams

represent the 95 per cent confidence region of the 2000 bootstrap strain tensors computed for each zone (see text for explanation). The quality class of

each zone is given in brackets beside the zone number. (b) Stereonets for zones 1–7. Equal-area zenithal projections of the 95 per cent confidence

regions of two principal axes computed for each zone from the bootstrap population of 2000 strain tensors. White and black areas refer to the

maximum and minimum lengthening axes (e1 and e3, respectively).
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constraint is that one strain style can be ruled out for the zone

considered. Finally, class D includes the zones for which no

clear indication of strain regime can be derived. Table 1 reports

the uncertainty class assigned to each zone of Fig. 2.

For six zones (10, 23, 26, 29, 32 and 37), the strain style

indicated by the triangle diagram does not correspond to any

family of principal axes in the corresponding stereonet (see

Figs 6–9). This difference depends on the fact that 5 per cent of

Figure 7. Uncertainty on strain style for the central Mediterranean region. (a) Triangle diagrams and (b) stereonets for zones 8–18

(see caption to Fig. 6).

Figure 8. Uncertainty on strain style for the Aegean region. (a) Triangle diagrams and (b) stereonets for zones 19–39 (see caption to Fig. 6).
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the principal strain axes do not belong to the related confidence

regions, being scattered on the focal sphere. However, even

scattered axes might correspond to a univocally defined strain

style in the triangle diagram. Thus, a confidence region in the

triangle diagram may include strain tensors not reported in

the related stereonet, since they contribute to define a possible

strain style in the zone involved but do not give information on

the directions of principal strains.

Western Mediterranean

Seismic activity concentrates in a relatively narrow belt

between the Azores and Algeria, south of 40uN, as indicated by

the fact that scalar strains in the central Atlantic, western

Atlantic and Algeria (zones 1, 2 and 4) are two orders of magni-

tude greater than in the remaining western Mediterranean zones

(Fig. 4).

Figure 9. Uncertainty on strain style for the Middle East region. (a) Triangle diagrams and (b) stereonets for zones 40–47 (see caption to Fig. 6).
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Values of R, triangle diagrams and stereonets (Figs 5, 6a

and 6b, respectively) suggest that two zones can be included

in class A: Algeria (4), characterized by NW–SE shorten-

ing, and Brittany (6), which shows a transform style, with

NW–SE shortening and NE–SW lengthening. Class B includes

only the central Atlantic (1), with a right-lateral transform

style. Class C includes the Gibraltar zone (2) and the Rhine

Valley (7), where lengthening and shortening styles can be

excluded, respectively. The strain field is very poorly constrained

(class D) in the remaining two zones, i.e. the Alboran Sea (3)

and the Pyrenees (5).

Central Mediterranean

In the Italian peninsula (zones 8–15) scalar strains show a

significant and systematic decrease from south to north (Fig. 4).

The largest values (>10x8) are at the northeastern boundary

of the Adriatic plate (zones 16 and 18). In general it is noted

that a large uncertainty, scattered over two or three orders of

magnitude, affects scalar strains. Information on strain regimes

is indicated in Figs 5, 7(a) and 7(b).

Class A includes only three zones: Tuscany–Umbria (12), with

NE–SW lengthening, Friuli (16), with roughly N–S shorten-

ing, and Dalmatia–Montenegro (18), with NE–SW shortening.

Class B includes central Italy (11), where a lengthening style

can be recognized in Fig. 7(a). Class C includes four zones:

Sicily (8), with an undefined combination of shortening and

transform styles, the northern Apennines (14), for which

lengthening can be ruled out, Calabria (9) and Southern Italy

(10), where shortening is not compatible with data. The remain-

ing zones, i.e. the northeastern Apennines (13), western Alps

(15) and central Adriatic (17), are classified as D.

Aegean region

In most zones scalar strains are larger than 10x8 and, in some

cases (zones 24, 33, 36, 37 and 38), they reach values larger than

10x6 (Fig. 4). The lowest value is in Romania (39), located

within the Eurasian foreland, while the highest value is in the

central Aegean Sea (29). The Straits of Cythera (28) show the

largest uncertainty among the tectonic belts we have considered

in this work.

Nine zones can be classified as class A (Figs 5, 8a and 8b):

the Ionian Islands (24), with NE–SW shortening, Crete (30)

and the central Hellenic Trench (31), with NNE–SSW to NNW–

SSE shortening, Macedonia (21), Thessaly (22), the Gulf of

Corinth (25), Bulgaria (38) and western Turkey (35), with a

N–S lengthening, and the north Aegean Trough (36), charac-

terized by a right-lateral transform style. Class B includes three

zones: the western Hellenic trench (27), affected by shortening,

the Straits of Cythera (28) and the Burdur zone (34), both

affected by lengthening. Class C includes six zones: Epirus

(23), the Peloponnesus (26), the eastern Hellenic Trench (32),

where lengthening can be ruled out, Rhodes (33), where a com-

bination of shortening and transform styles occurs, the central

Aegean Sea (29) and the western sector of the North Anatolian

Fault (37), where shortening can be excluded. Finally, the

strain regime is poorly defined (class D) in both coastal (19) and

internal Albania (20) and in Romania (39).

Middle East

The largest scalar strains (>10x6) occur in the eastern sector of

the North Anatolian Fault (40) and in northwestern Iran (45),

as indicated in Fig. 4.

Concerning strain regimes (Figs 5, 9a and 9b), Class A

includes four zones: the eastern sector of the North Anatolian

Fault (40), characterized by a right-lateral transform style;

the Turkey–Iran border region (42), where a transform regime

prevails with N–S shortening, and the Caucasus (43) and the

central Caspian Sea (44), where N–S to NE–SW shortening

occurs. Class B includes northwestern Iran (45), affected by

shortening. Class C includes the southeast Anatolian Fault (41),

with a combination of shortening and transform styles, and

the Zagros orogenic belt (46), in which the lengthening style

can be excluded. The Dead Sea zone (47) is assigned to the last

class (D).

D I S C U S S I O N A N D C O N C L U S I O N S

The reliability of seismic strain estimates carried out by

Kostrov’s approach cannot easily be evaluated, since the related

level of uncertainty, due to the random occurrence of earth-

quakes in time, experimental errors, catalogue shortness and

incompleteness, and the non-fulfilment of some basic conditions

(such as the homogeneity of the strain regime and the actual

significance of the available data set in the zone considered),

is generally poorly known. An attempt to gain insight into

the above problem has been made by applying an empirical

resampling technique (bootstrap) to 47 active zones over the

entire Mediterranean area.

Previous results suggest that experimental errors and catalogue

incompleteness for minor earthquakes make a minor contri-

bution to uncertainty in long-term strain estimates with respect

to earthquake randomness. The results obtained here suggest

that the effect of the possibly incomplete sampling of major

earthquakes in the average strain estimates (due to catalogue

shortness) dominates over other sources of uncertainty. To

stress this point, standard deviations of the Euclidean norm

(eq. 4) of the average bootstrap strain tensors have been com-

pared with those obtained by taking into account only the

effect of the random time distribution of earthquakes (Fig. 10).

This comparison clearly shows that the effect of the catalogue

shortness in almost all cases exceeds, by several orders of

magnitude, the effect of randomness in the time occurrence

of earthquakes.

The spreading of strain tensors obtained from paradata sets

(deduced by resampling original data samples) has been used to

determine tentative confidence limits of deformation styles and

principal strain directions for each zone. The results obtained

have been ranked in four classes (A to D), with an increasing

level of ambiguity. The highest quality (class A) has been

assigned to the 18 zones where both the strain style and the

horizontal directions of principal strains can be recognized.

A lower quality (class B) has been attributed to six zones, where

only the strain style can be inferred from triangle diagrams.

Much higher ambiguity characterizes the 23 zones included in

the last two classes (C and D). This result indicates that, in spite

of our efforts to subdivide the study area based on the most

homogeneous distribution of focal mechanisms, the defor-

mation style cannot be clearly recognized in roughly half of the
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zones investigated, mostly located in the western and central

Mediterranean regions. Moreover, large uncertainties, even

reaching some orders of magnitude, have been estimated for

scalar strains. This suggests that one should be cautious in

using the results of Kostrov’s analysis as constraints on tectonic

processes in the study area.

In order to understand to what extent the ambiguity of strain

depends on the reliability of data sets, some statistical tests

have been carried out. In particular, we have explored how

the composition of data sets in the various zones, such as the

number and age of events, may have influenced the quality of

the results. Since the size of the original data set may affect the

accuracy of the bootstrap confidence limits (Fisher 1993), one

could expect that data sets in ‘high-quality’ zones are system-

atically larger than those in ‘low-quality’ zones. This idea, how-

ever, is not confirmed by the results of a non-parametric test

(Kendall 1970), which suggest that no significant correlation

exists between uncertainty level and number of events in the

data set. One may also suspect that the exclusion of older

events, whose fault plane solutions are presumably less well

constrained than those of recent earthquakes, would allow

a better constraint of deformation styles. However, Kendall’s

test shows a significant (<0.05) negative correlation between

the uncertainty level and the percentage of pre-1960 events

in the zones considered, and thus suggests that the reliability of

the seismic strain estimate increases with the length of the time

interval covered by the data set. These results seem to favour

the hypothesis that the ambiguity in seismic strain estimates for

many segments of the Mediterranean region is not related to

data quality, but rather reflects the lack of capability of the

available data set to resolve the high strain field heterogeneity

in the zones involved.
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A P P E N D I X A : D E S C R I P T I O N O F T H E
D A T A S E T

Source parameters of the 2029 earthquakes used in the present

study, which occurred in the period September 1905–March

1999 within the area 24uNx53uN, 30uWx60uE, are currently

available as a digital ASCII file (FM-APPENDIX1.TXT)

on the anonymous ftp site ibogfs.df.unibo.it/albarello. Each

record contains one fault plane solution. The tab character

separates pieces of information distributed over 20 numerical

and alphanumerical fields whose contents are described below.

Fields 1x3: event date (year, month, day, respectively).

Fields 4x6: GMT origin time (hour, minute, second,

respectively).

Fields 7x8: epicentral coordinates (north latitude and east

longitude, respectively, in degrees).

Field 9: hypocentral depth (km); the value zero indicates

events classified as ‘shallow’.

Fields 10x11: magnitude classifier and magnitude. Values

0, 1 and 2 in field 10 indicate that either no or MS or mb

magnitude, respectively, is reported in field 11.

Field 12: seismic moment M0 (scale factor 1016 N m); the

value zero indicates that no estimate of M0 is reported in

the relevant source.

Fields 13x15: strike, dip, rake (degree) of one nodal plane of

the focal mechanism. Angles refers to the convention described

by Jost & Herrmann (1989).

Fields 16x17: trend and plunge (degree) of the T-axis.

Fields 18x19: trend and plunge (degree) of the P-axis.

Field 20: code referring to the reference from which the

datum has been taken. The list of references of focal mech-

anisms is given in the file SO-APPENDIX1.TXT available on

the same ftp site (Amoruso et al. 1998; Anderson & Jackson

1987; Baker et al. 1993, 1997; Bernard et al. 1997; Bonjer 1997;

Boore et al. 1981; Buforn et al. 1988; Cipar 1981; Deschamps &

King 1984; Dziewonski et al. 1983; Ekström & England 1989;

Ekström & Nettles 1997; Eva & Pastore 1993; Eva et al. 1988,

1997; Eyidogan 1988; Eyidogan & Jackson 1985; Frepoli &

Amato 1997; Gallart et al. 1985; Gasparini et al. 1985; Giardini

et al. 1985; Grimison & Chen 1988; Grunthal & Stromeyer

1992; Hatzfeld et al. 1993; Jackson & McKenzie 1988; Jackson

et al. 1992; Karakaisis et al. 1993; Kiratzi 1999; Kiratzi

& Langston 1989; Kiratzi et al. 1991; Larson 1999; Liotier

1989; Lyon-Caen et al. 1988; McKenzie 1972, 1978; Melis

et al. 1995; Muço 1994; Nicolas et al. 1990; Ouyed et al.

1983; Panagiotopoulos et al. 1993; Papadimitriou 1992, 1993;

Papazachos & Delibasis 1969; Papazachos et al. 1983, 1984,

1988, 1991; Priestley et al. 1994; Renner & Slejko 1994a,b;

Renner et al. 1991; Ribeiro et al. 1996; Rigo et al. 1996; Ritsema

1974; Rocca et al. 1985; Scordilis et al. 1985; Shirokova 1972;

Sipkin & Needham 1991; Slejko et al. 1989; Soufleris & Stewart

1981; Suleiman & Doser 1995; Taymaz 1993; Taymaz & Price

1992; Taymaz et al. 1990, 1991a,b; Thouvenot et al. 1998;

Udias et al. 1989; Westaway 1987, 1990; Westaway & Jackson

1987; Zanchi & Angelier 1993).
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